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Green tea catechins inhibit human matrix metalloproteinase 7 (MMP-7) activity non-competitively, and the galloyl group is essential for potent inhibition (Oneda et al., J. Biochem., 133, 571-576 (2003)). In this study, we analyzed the mechanism of this inhibition. In the hydrolysis of (7-methoxycoumarin-4-yl)acetyl-L-Pro-LLeu-Gly-L-Leu-[N 3 -(2,4-dinitrophenyl)-L-2,3-diaminopropionyl]-L-Ala-L-Arg-NH 2 , the inhibitory effects of (À)-epigallocatechin-3-gallate (EGCG), (À)-gallocatechin-3-gallate (GCG), (À)-epicatechin-3-gallate (ECG), and (À)-catechin-3-gallate (CG) increased with increasing pH levels from 7.0 to 8.5. The inhibitory effects of EGCG and GCG were more potent than those of ECG and CG, and increased with increasing CaCl 2 concentrations from 10 to 50 mM. The fluorescence of EGCG and GCG decreased with increasing CaCl 2 concentrations and with the addition of MMP-7, while those of ECG and CG did not. Our results suggest that these differences result from that in the B ring, EGCG and GCG have phenol hydroxyl groups at the 3 0 , 4 0 , and 5 Key words: calcium; fluorescence; green tea catechins; matrix metalloproteinase; matrix metalloproteinase (MMP)-7
Human matrix metalloproteinase 7 (MMP-7, Matrilysin) [EC 3.4.24.23] is the smallest matrix metalloproteinase (MMP). It lacks a carboxyl terminal hemopexin-like domain, which is conserved in most MMPs. It is believed to play important roles in tumor invasion and metastasis. 1, 2) The molecular mass of the latent pro-form is 28 kDa, and that of the mature form is 19 kDa.
3) MMP-7 is composed of a five-stranded -sheet and three -helices, and contains a zinc ion, essential for activity, and other zinc and two calcium ions that are considered necessary for stability. 4) Like all other MMPs, it has consensus sequence HEXXHXXGXXH, in which three histidine residues chelate a catalytic zinc ion, and a methionine-containing turn (Met-turn). Hence it is grouped in clan MA(M). 5) In recent years, target molecules through which MMP-7 exerts biological functions have become apparent, including heparin, 6) heparan sulfate, 7) cholesterol sulfate, 7, 8) and ErbB4 receptor. 9) MMP-7 has been detected in lesions of the prostate, 10) colon, 11) brain, 12) stomach, 13) lung, 14) and breast, 15) and degrades extracellular material components, including gelatins of types I, III, IV, and V, type IV basement membrane collagen, fibronectin, vitronectin, proteoglycan, laminin, and elastin, 3, [16] [17] [18] suggesting that it plays a role in tumor invasion and metastasis. Hence the development of MMP-7 inhibitors is considered to be of therapeutic benefit. We have reported states of the tryptophyl residues of MMP-7 as determined by fluorescence examination 19) and its thermal stability and halophilic properties. 20) We have also reported the inhibitory effects of alcohols, 21) synthetic MMP inhibitors thiorphan and R-94138, 22) lignans, 23) and green tea catechins 24) on MMP-7 activity. Catechins are flavonoids, and are currently an attractive research subject because of their abundance in human diet and various biological functions with possible beneficial health effects. Green tea contains catechins abundantly, and thus a high intake of green tea is thought to be effective for the prevention of tumors. In green tea, (À)-epigallocatechin-3-gallate (EGCG) is the most abundant (40-60%), followed by (À)-epicatechin-3-gallate (ECG, 10-20%), (À)-epigallocatechin (EGC, 10-20%), and (À)-epicatechin (EC, 4-6%). 25) Recently, various physiological activities of green tea catechins have been noted, including hepatotoxic, anti-nutritional, carcinogenic, anti-mutagenic, anti-microbial, anti-viral, and immunomodulating activities, 26) but the molecular mechanisms of their biological functions are in most cases unclear. Recently, certain enzymes have been identified as possible targets of catechins, including MMPs. 24, [27] [28] [29] [30] We have reported that green tea catechins inhibit human MMP-7 activity non-competitively, and that the galloyl group is essential for potent inhibition. 24) In this study, to explore the mechanism of inhibition, we examined the effects of pH and Ca 2þ on the inhibition of MMP-7 activity by catechins and the effects of Ca 2þ , MMP-7, and ethanol on the fluorescence of catechins. We also discuss the mechanism of the inhibition of MMP-7 activity by catechins. Figure 1 shows their molecular structures. Butylhydroxytoluene (BHT) was from Wako Pure Chemical (Osaka, Japan). All other chemicals were from Nacalai Tesque.
Materials and Methods
Expression and purification of MMP-7. Expression in Escherichia coli and purification of recombinant MMP-7 were carried out as described previously. [32] [33] [34] [35] [36] The concentration of MMP-7 was determined spectrophotometrically using a molar absorption coefficient at 280 nm, " 280 , of 31,800 M À1 cm À1 .
33)
MMP-7-catalyzed hydrolysis of MOCAc-PLGL(Dpa)AR. Catechins were dissolved in ethanol plus 0.1% w/v BHT. Pre-incubation was initiated by mixing 15 mL of MMP-7 solution (1.8 mM), 21.7 mL of catechin solution (0-10 mM), and 2,663.3 mL of 50 mM HEPES-NaOH buffer (pH 7.0-8.5) containing various concentrations of CaCl 2 , NaCl, and/or KCl at 25 C for 30 min. After pre-incubation, the reaction was initiated by adding 16 mL of the substrate solution (234 mM) dissolved in DMSO. The reaction was measured by following the increase in fluorescence intensity at 393 nm, ÁFI 393 , with excitation at 328 nm with a Shimadzu RF-5300PC fluorescence spectrophotometer (Shimadzu, Kyoto, Japan) for 1 min at 25 C. The temperature was maintained in a range of AE0:2 C. The peptide bond of the Gly-L-Leu residues was cleaved by MMP-7. 20, 32) The amount of the product, MOCAc-PLG, was estimated by fluorescence intensity by comparison with that of the MOCAc-PLG solution.
The ÁFI 393 of the reaction mixture is affected by catechins. Hence FI 393 was measured with various concentrations of catechins in the absence and the presence of 0.44 mM MOCAc-PLG. Based on the results, the ÁFI 393 observed at x mM catechin was corrected by multiplying the following terms:
½ðFI 393 of 0.44 mM MOCAc-PLGÞ À ðFI 393 of bufferÞ ½ðFI 393 of 0.44 mM MOCAc-PLG plus x mM catechinÞ À ðFI 393 of x mM catechinÞ Hydrolysis was carried out under pseudo first-order conditions, where the initial concentration of MOCAc-PLGL(Dpa)AR (1.5 mM) was set much lower than the Michaelis constant, K m , (32 mM), 21) to avoid absorptive quenching effects. The Michaelis-Menten equation was
and [S]
o are the initial reaction rate, the molecular activity, the initial enzyme concentration, and the initial substrate concentration respectively. Using this equation, enzyme activity was evaluated by the specificity constant, k cat =K m .
Fluorometric analysis of green tea catechins. Catechins were dissolved in ethanol plus 0.1% BHT. Pre-incubation was initiated by mixing 21.7 mL of the catechin solution (1 mM) and 2,678.3 mL of 50 mM HEPES-NaOH buffer (pH 8.5) containing various concentrations of CaCl 2 , NaCl, KCl, MMP-7, and ethanol at 25 C for 30 min. After pre-incubation, the fluorescence spectra were measured with excitation at 325 nm and emission at 350-550 nm with a Shimadzu RF-5300PC fluorescence spectrophotometer at 25 C. pH was maintained in a range of AE0:1. 
where 78 and 24.6 are the D values of water and ethanol respectively, and f w and f e are the volume fractions of water and ethanol respectively.
Results
Effects of pH on inhibition of MMP-7 activity by green tea catechins Figure 2 shows the effects of increasing concentrations of four green tea catechins with the galloyl group (EGCG, GCG, ECG, and CG), one green tea catechin without the galloyl group (EGC), and gallic acid on MMP-7 activity hydrolyzing MOCAc-PLGL(Dpa)AR in the presence of 10 mM CaCl 2 at pH 7.0-8.5 at 25 C. All the catechins and gallic acid inhibited the activity dosedependently, except for gallic acid at pH 7.0. The inhibitory effects increased with increasing pH. At pH 8.5, EGCG and GCG at 40 mM inhibited the activity completely ( Fig. 2A and B) , ECG, CG, and gallic acid at 80 mM inhibited the activity by about 80% (Fig. 2C, D , and F), and EGC at 80 mM inhibited the activity by about 50% (Fig. 2E) . These results indicate that the inhibitory effects of catechins and gallic acid occurred in the order EGCG, GCG > ECG, CG, gallic acid >EGC. In the B ring, EGCG and GCG have phenol hydroxyl groups at the 3 0 , 4 0 , and 5 0 positions, and ECG and CG have them at the 3 0 and 4 0 positions (Fig. 1) . Thus, the results suggest that this difference has to do with the difference in inhibitory effects on MMP-7 activity among the catechins with the galloyl group.
Effects of Ca
2þ on inhibition of MMP-7 activity by green tea catechins Figure 3 shows the effects of increasing concentrations of EGCG, GCG, ECG, and CG on the MMP-7 activity in hydrolyzing MOCAc-PLGL(Dpa)AR at pH 8.5 at 25
C in the presence of 10 mM CaCl 2 , 50 mM CaCl 2 , 10 mM CaCl 2 plus 80 mM NaCl, or 10 mM CaCl 2 plus 80 mM KCl. In the presence of 10 and 50 mM CaCl 2 , EGCG and GCG completely and ECG and CG partially inhibited MMP-7 activity dose-dependently. IC 50 , which was defined as the catechin concentrations of EGCG and GCG required to inhibit MMP-7 activity by 50% were 5.3 and 5.8 mM respectively with 50 mM CaCl 2 , lower than those with 10 mM CaCl 2 (13.9 and 12.9 mM respectively), indicating that the inhibitory effects of EGCG and GCG increased with increasing CaCl 2 concentrations. No such tendency was observed for the inhibitory effects of ECG or CG. In the presence of 10 mM CaCl 2 plus 80 mM NaCl or 80 mM KCl, the inhibitory effects of all the catechins decreased, indicating that the inhibitory effects decreased with increasing concentrations of NaCl or KCl. No inhibitory effects of catechins in the presence of NaCl or KCl alone were observed, because MMP-7 requires Ca 2þ for stability. These results suggest that Ca 2þ but not Cl À is involved in the inhibition of MMP-7 activity by catechins. The inhibitory effects of EGCG and GCG were similar, and those of ECG and CG were also similar, suggesting that chirality at the 2 position of the C ring of catechins does not influence their inhibitory effects.
2þ on the fluorescence of green tea catechins To explore the interaction of catechins with Ca 2þ , the effects of increasing CaCl 2 concentrations on the fluorescence spectra of the catechins were measured (Fig. 4) . pH was set 8.5, because inhibition at pH 8.5 was the highest (Fig. 2) . In the absence of CaCl 2 , EGCG, GCG, ECG, and CG (8 mM) exhibited fluorescence spectra with similar maximum wavelengths ( max ) of about 393 nm. Peak fluorescence intensities were in the order ECG > CG > EGCG > GCG. Increasing CaCl 2 concentrations considerably decreased the fluorescence of EGCG and GCG without affecting max , while it slightly increased those of ECG and CG. For all catechins, fluorescence was not affected by 90 mM NaCl or 90 mM KCl (data not shown), indicating that EGCG and GCG interact with Ca 2þ but not with Cl À . Figure 4E shows relative fluorescence intensity against the CaCl 2 concentration. The relative fluorescence intensities of EGCG and GCG decreased considerably with increasing CaCl 2 concentrations and reached minimum (0.16 for EGCG and 0.13 for GCG) at 40 mM, while those of ECG and CG increased slightly with increasing CaCl 2 concentrations and reached maximum (about 1.1) at 10 mM, suggesting that EGCG and GCG interact with Ca 2þ in a different fashion from ECG and CG.
Effects of MMP-7 on the fluorescence of green tea catechins
The effects of MMP-7 on the fluorescence spectra of the catechins were measured (Fig. 5) . pH was set 8.5 and the CaCl 2 concentration was set 6 mM, at which the fluorescence intensities of EGCG and GCG decreased to about 50% of those at 0 mM CaCl 2 . MMP-7 (6 mM) enhanced the fluorescence of EGCG and GCG by 1.4 and 1.8 fold respectively, without affecting max , while it did not affect those of ECG or CG. This suggests that EGCG and GCG interacted with MMP-7.
Effects of ethanol on the fluorescence of green tea catechins
The effects of ethanol on the fluorescence spectra of the catechins were measured (Fig. 6) . pH was set at 8.5, and the CaCl 2 concentration at 6 mM. The increasing concentration of ethanol enhanced the fluorescence intensity of the four catechins (Fig. 6A-D) . GCG exhibited the highest increase (Fig. 6E) . The relative fluorescence intensities observed in the presence of 6 mM MMP-7 (1.4 for EGCG and 1.8 for GCG) correspond to ethanol concentrations of 8.8 and 6.3% respectively (Fig. 6E) , and to D values of 72.7 and 74.7 respectively (Fig. 6F ).
Discussion
The role of dissociation of the phenol hydroxyl groups of green tea catechins in the inhibition of MMP-7 activity
Catechins possess multiple dissociable hydroxyl groups. According to previously reported spectroscopic analyses, the hydroxyl group with the highest deprotonation potential of EGCG was the hydroxyl group at the 4 0 position of the D ring, with a pK a of 7.8, and that of EGC, which lacks the D ring, was the hydroxyl group at the 7 position of the A ring, with a pK a of 8.7. [38] [39] [40] In this study, the inhibitory effects of EGCG, GCG, ECG, and CG increased with increasing pH from 7.0 to 8.5 (Fig. 2) . The inhibitory effects of EGCG and GCG increased with increasing CaCl 2 concentrations from 10 to 50 mM (Fig. 3) . EGCG and GCG possess hydroxyl groups at the 5 0 position of the B ring, while EGC and CG do not (Fig. 1) . Hence we suggest that deprotonation of a hydroxyl group, presumably the one at the 4 0 position of the B ring, is enhanced by the hydroxyl group at the 5 0 position of the B ring in EGCG and GCG, but not in ECG and CG. We also suggest that this difference has to do with the difference in interaction with MMP-7 (Figs. 2, 3 , and 5) and Ca 2þ (Fig. 4 ) among the catechins with the galloyl group.
Interaction of green tea catechins with Ca 2þ
The fluorescence of EGCG and GCG decreased with increasing concentrations of CaCl 2 from 0 to 45 mM (Fig. 4) . Assuming that one EGCG and one GCG molecule have two binding sites for Ca 2þ with the same binding affinities, and that the fluorescence of the catechins decreases only when both sites are occupied with Ca 2þ , the relative fluorescence intensity (FI) can be expressed as in eq. (2):
where is the maximum decrease in relative FI (0.98 for EGCG and 0.91 for GCG), and K d is the dissociation constant of catechins with Ca 2þ . The results for the titration of relative FI with CaCl 2 fit eq. (2) well (Fig. 4E) , suggesting that the stoichiometry of the catechins and Ca 2þ is 1:2. From this fitting, the K d values for EGCG and GCG were calculated to be 3:8 AE 0:2 and 2:8 AE 0:2 mM respectively.
In the presence of 10 mM CaCl 2 plus 80 mM NaCl or 80 mM KCl, the inhibitory effects of catechins decreased as compared to those in the presence of 10 mM CaCl 2 alone (Fig. 3) . Unlike CaCl 2 , the fluorescence of the catechins was not affected by 90 mM NaCl or 90 mM KCl (data not shown). In that case, the mechanism of decrease in the inhibitory effects of catechins due to NaCl or KCl is not clear.
As for the binding of metal ions to catechins, Ghosh et al. reported that the absorbance of EGCG and ECG at 270 nm decreased with increasing CuSO 4 concentrations at pH 5.0, and that the stoichiometry of the catechins to Cu 2þ was 1:2. 40) They also found that the Cu 2þ complex of EGCG inhibited RNase A activity at pH 6.0 with a K i value of 23 mM, while the free EGCG did so with a K i value of 81 mM, 41) but the Cu 2þ binding sites of EGCG and ECG were not identified. 40) Interaction of green tea catechins with MMP-7 The relative fluorescence intensities of EGCG and GCG in the presence of 6 mM MMP-7 were 1.4 and 1.8 respectively (Fig. 5A and B) , which correspond to ethanol concentrations of 8.8 and 6.3% respectively (Fig. 6E) . Assuming that all the EGCG and GCG molecules bound with MMP-7, the relative fluorescence intensities of EGCG (1.4) and GCG (1.8) correspond to dielectric constant (D) values of 72.7 and 74.7 respectively (Fig. 6F) . Although the percentage of catechins that bound with MMP-7 is unknown, these results suggest that the environments at the binding sites of MMP-7 for EGCG and GCG are more hydrophobic than water.
According to a structural analysis of catechins complexed with chymotrypsin 42) and DNA gyrase, 43) the A and C rings penetrated deeply into the inside of the molecule, and the D ring was located at the surface. We speculate that in the catechin-MMP-7 complex, the B rings of EGCG and GCG are located inside the MMP-7 molecule and are surrounded by hydrophobic residues. In regard to this, Higashi et al. reported that the amino acid residues of MMP-7 involved in binding with cholesterol sulfate were all located at the molecular surface on the reverse side of the active site. 8) Identification of the amino acid residues of MMP-7 essential for binding with catechin is our next project.
In conclusion, EGCG and GCG inhibited MMP-7 activity more strongly than ECG and CG. We suggest that the presence or absence of the hydroxyl group at the 5 0 position of the B ring has to do with the difference in interaction with MMP-7 among the catechins with the galloyl group.
